ABSTRACT: Three cyanate ester monomer or oligomer species: 2,2-bis(4-cyanatophenyl)propane 1, 1-1-bis(4-cyanatophenyl)ethane (2), and the oligomeric phenolic cyanate (Primaset TM PT30) (3), are blended in various ratios with bis(4-maleimidophenyl)methane, (4), to form binary and ternary mixtures (11 in total) and cured, in the absence of catalysts (3 K/min to 150 °C + 1 hour; 3 K/min to 200 °C + 3 hours), followed by a post cure (3 K/min to 260 °C + 1 hour). The use of liquid monomer, (2), offers the possibility of liquid processing in blends containing minority compositions of bismaleimide. Glycidylmethacrylate is explored as a reactive diluent (2.5-10 wt %) to linked interpenetrating network polymer structures comprising cyanate ester and bismaleimide components with glass transition temperatures of 267-275 ºC, depending on composition; the onset of thermo-oxidative degradation ranges from 386-397 ºC. When a binary blend of (2) and (3) (with the former in the minority) is co-cured with (4), an excellent balance of properties is achieved with liquid processing, a Tg greater than 400 C and onset of degradation of 425 ºC in static air. Kinetic analysis of DSC data using Ozawa and Kissinger methods yield activation energies of between 107-112 kJ/mole for a binary blend of (1)90-(4)10, which is in good agreement with literature. Molecular dynamics simulation of the same blend in cured form gave a simulated glass transition temperature of 250 C that is in very close agreement with empirical DMTA data.
INTRODUCTION
Cyanate esters (CEs) constitute a family of addition cured high performance, thermosetting polymers, which occupy a niche intermediate between high glass transition temperature (Tg), tetrafunctional epoxy resins and bismaleimides (BMIs) [1] . Cured CEs offer a combination of favourable thermal and mechanical performance (e.g. dry Tg values of 270-300 C are common with a strain at break of over 5-8 %) that gives a unique property profile. Although requiring toughening for some engineering applications, cyanates can be combined with inherently tough engineering thermoplastics (HexPly 954-2A, GIC = 250 J/m 2 ) [2, 3] or elastomers (HexPly 953-3, GIC = 450 J/m 2 ) [4] to yield impressive enhancements. In this form they typically find application as matrices in advanced composites (either in combination with epoxy resins in aerospace applications [5, 6] ). The low loss properties and microwave transparency makes CE resins of particular interest in the fabrication of radomes (e.g. Augusta Westland Helicopter's AW101 Merlin uses a Kevlar TM /CE sandwich bonded skin [8] ), where a material with high dielectric constant or dissipation factor would otherwise result in attenuation of signal along with the structure of the radome itself being heated through conversion of electromagnetic energy to thermal energy. The typical material of a radome will be exposed to frequencies in the region of 600 MHz to 100 GHz and should have dielectric constants (Dk) of less than 3 and dissipation factors (Df) of less than 0.010 [1] . Along with the electrical properties integral to signal transduction, the material used for radome construction must possess both thermal and mechanical properties capable of withstanding the environment required. The nosecones of aircraft, missile tracking noses, and weather radar all require resistance to high temperatures, whilst maintaining their electrical properties [7] . This aspect is not examined in this paper, but will be addressed with the subsequent analysis of glass fibre reinforced composites utilising these matrices.
CEs are combined with BMIs as dielectric polymers in the microelectronics industry [9] , a business which is predicted to be reach a value of some $94 billion by 2017 [10] . This was the first application of CE resins and still represents the largest market share by application, taking advantage of their excellent electrical properties. A particularly well-established material in this area is the family of bismaleimide-triazine (BT) resins which is made up of multicomponent blends produced by Mitsubishi Gas Chemical Co. comprising a BMI [11] and a CE combined with high boiling organic solvents, to facilitate processing. BT resins were first marketed in 1978 [12] incorporating methylene dianiline and triazine A (a cyanate oligomer based on bisphenol A) and initially found wide application in printed circuit boards. With the advancement in these technologies since the late 1970s and the subsequent increase in the number and complexity of electronic devices (coupled with increasing miniaturisation) has led to greater demand for CEs in this field. The combination of low dielectric constant and low loss properties and reduced 'cross 3 talk', make these materials particularly attractive in multilayer chip modules [13] . As the thickness of circuit boards increases due to layering of circuitry, the dielectric properties of the polymeric material becomes more important, ensuring optimal signal propagation whilst remaining thermally and mechanically reliable. This is also true for multichip modules synthesised through film deposition and film lamination, where thin layer conductors are insulated by a thin film of CE hybrid [14] .
The approach taken in this work has been to build on the undoubted attractions of the BT resins, while addressing the shortcomings in the standard BT resin chemistry: achievement of a single Tg through linking the polymer domains in the network structure; reducing the reliance on high boiling organic solvents and improving processability by introducing a reactive diluent or improving thermal and dimensional stability.
EXPERIMENTAL

Instrumentation.
Differential scanning calorimetry (DSC) was undertaken using a TA Instruments Q1000 running TA Q Series Advantage software on samples (5.0  0.5 mg) in hermetically sealed aluminium pans.
Experiments were conducted at a heating rate of 10 Kmin -1 . from -10 °C to 400 °C (heat/cool/heat) under flowing nitrogen (50 cm 3 /min.).
Thermogravimetric analysis (TGA) was performed on a TA Q500 on milled, cured resin samples (6.5  0.5 mg) in a platinum crucible from 20-800 °C at 10 Kmin -1 in air and nitrogen (40 cm 3 /min).
Dynamic mechanical thermal analysis (DMTA) (in single cantilever mode at a frequency of 1 Hz) was carried out on cured neat resin samples (ca. 3 × 5 × 17 mm 3 ) using a TA Q800 in static air from 20 °C to 400 °C at 3 Kmin -1 at 0.1 % strain. Potential energies were calculated using the Polymer Consistent Force Field (PCFF) [15] . When modelling blends of Primaset TM PT30, the Legacy module within Materials Studio was used to construct an amorphous cell with 49 PT30 oligomers (n = 1) with corresponding numbers of either 2,2-bis(4-cyanatophenyl)propane or 1-1-bis(4-cyanatophenyl)ethane monomers to make up the correct stoichiometry of the blend. The distribution of ortho-and para-substituted phenyl rings was chosen based on data from empirical 13 C NMR studies carried out on the phenolic precursor and compared with previous work [16, 17] : ortho-ortho (22 %), ortho-para (56 %), and para-para (22 %) substitutions. The target density for the cell was set at 1.25 gcm −3 , consistent with experiment [18] and previous simulations [19] . The resulting amorphous cells comprised 3580-6224 atoms.
Materials
The cyanate groups were bonded manually to form 1,3,5-triazine rings and a minimization of 500 iterations was carried out to relieve the strain using the Discover minimization module to a convergence of 1000 kcalmol -1 Å -1 . A conjugate gradients minimization was then carried out to a convergence of 100 kcalmol -1 Å -1 . Bonds were reacted through the faces of the unit cell to neighbouring periodic boxes to simulate an infinite 3-D cross-linked network. A total of 138 out of the 147 functional groups were co-reacted, corresponding to a monomer conversion of 94 %, which is typical for this type of polymer [20] . After the final cyclotrimerization the system was submitted to a final minimization of 10,000 iterations. 5 Equilibration was undertaken using a 1 ns molecular dynamics (MD) simulation (25 °C) using the Discover single run option. An isothermal-isobaric ensemble, wherein the number of atoms (N), pressure (P) and temperature (T) are conserved, was used with a time step of 1 fs; the Anderson thermostat was combined with the Berendsen Barostat [21] . PCFF was used with the atomic van der Waals summation, a cut-off of 10.00 Å, a spline width of 3.00 Å and a buffer width of 1.00 Å.
The system was subjected to a second 10 ps MD simulation at 500 °C using the same parameters as above to equilibrate the system for the upper temperature of the temperature ramped MD simulations (the latter were performed using the Temperature Cycle option in the Legacy Protocols module). 51 MD simulations were run between 500 °C and 0 °C in decrements of 10 K; at each temperature stage a 125 ps MD simulation was carried out. The first 25 ps of each simulation were used to equilibrate the system and the subsequent 100 ps simulation was used to record the results.
A plot of calculated cell density was plotted against simulation temperature to determine both the Tg and the degradation onset temperature.
RESULTS AND DISCUSSION
Commercially manufactured BT resin usually contains several high boiling solvents [22] , which can present some potential hazards to users and the environment during processing and disposal.
Several approaches were taken in this work to explore alternatives to reducing the reliance on solvents and incidentally co-catalysts. Initially, a short study was conducted to examine the conditions under which the BMI, (4), might be blended with the liquid dicyanate ester, based on bisphenol E, (2) to form a stable miscible liquid. Thus, seven blends of (2)90-(4)10 were investigated through different dissolution methods (Table 2) It was felt that adopting the use of a liquid monomer as a solvent matrix might enable the solvation of the solid BMI component facilitating industrial processing methods. This was explored with both (2), a liquid monomer based on bisphenol E dicyanate, and (3) (PT30), an oligomeric cyanate ester. Finally, the best performing binary CE blend, (3)90-(2)10 was blended with BMI, (4). In previous work [21] , the binary blend (3)90-(2)10 has shown significant reduction in outgassing, combined with good thermal and mechanical properties. Several processing procedures (Table 2) were examined, with varying levels of success. While the blends or conditions did not produce 6 entirely homogenous blends, it is evident that sonication (Fig. 1, B-D) demonstrates there is a clear possibility of using (2) as a solvent or to aid dispersion of the BMI component in a novel BT resin. Table 2 Conditions applied to aid co-solvation of (2) and (4).
Determination of thermal polymerisation behaviour of interpenetrating networks. DSC analysis was performed on uncured blends of (1)90-(4)10, (2)90-(4)10, (3)90-(4)10 and (3:2)90:10-(4)10 to assess any differences in the onset of polymerisation and the overall enthalpy of the polymerisation, these data are summarised in Fig. 2 and Table 3 . Table 3 DSC data for uncured novel bismaleimide-triazine blends (nitrogen, 10 K/minute)
The thermogram for the 'standard' BT resin (1)90-(4)10 shows a clear endotherm (Tm = 80 °C) from the dicyanate component, whereas the remaining blends are liquid at room temperature. From the raw thermal data obtained from dynamic DSC (Fig. 2 ), there appears to be little difference in the onset of the thermal polymerisation, although the cure moves into a lower temperature regime (with both the Tmax and conclusion of the polymerisation reactions move up to 30 K). The liquid (3) appears to enhance the reactivity to the greatest extent, particularly when combined with the more fluid monomer, (2). (Fig. 6 ).
where
Tp is the maximum temperature of the exothermic peak, Ea = activation energy, R = Gas constant, and  is the heating rate employed.
where A = the Arrhenius pre-exponential factor and f is a constant function. The resulting activation energies derived from the Ozawa and Kissinger calculations (Table 4) suggest an activation energy of 107-112 kJ/mole for the standard blend, (1)90-(4)10, which is higher than the activation energy for the corresponding homopolymers (80-120 kJ/mole cyanate [23, 24, 25] ) or the binary cyanate blends (64-68 kJ/mole cyanate for (1)50-(2)50; 100-106 kJ/mole cyanate for (3)50-(1)50 and (3)50-(2)50, [22] ), and in reasonable agreement with a previous report of a BT resins (91 kJ/mole) [26] . The asymmetrical nature of the polymerization exotherm, coupled with the changes in reaction rate through the exotherm, suggests a reaction mechanism that is complex, involving more than one step.
8 Table 4 Kinetic parameters (DSC data) for uncured novel bismaleimide-triazine blends Whereas other researchers have reported [27, 28, 29, 30] evidence of co-reaction in the presence of specific catalysts, there is no evidence for any unique structures. Previous work [22, 31] 
Examination of the thermo-oxidative stability of the cured BT blends.
A selection of the cured BT blends were analysed using TGA to determine their thermo-oxidative stability. Initially, the BMI homopolymer, [(4)], is by far the most stable of the polymers tested in this work, but there is a marked reversal in the stability of the polymer between 480-500 °C which is accompanied by a significant loss in mass (ca. 20-30 %). A second degradation step, resulting in a greater loss in mass, occurs above 500 °C.
Fig. 9
Thermo-oxidative stability of the cured BT resin blends (10 K/min, static air). Table 5 Thermo-oxidative stability data (10 Kmin -1 , static air) for cured homopolymers and binary cyanate ester blends as determined by TGA In previous work [32] , the degradation mechanism of BMI homopolymers (and related citraconimides and nadimides) was examined under similar conditions (albeit at a lower heating rate, 2 Kmin -1 ). Similar degradation profiles were observed (in terms of onset temperature and peak maxima) and char yields were equally low in air, ca. 1 %. In this work, all the blends display similar levels of thermo-oxidative stability, but once again (3:2)90:10-(4)10, combining two CE monomers is the most stable of the cured blends tested.
Examination of the thermal and thermomechanical properties of the cured BT blends. 9 Having established the relative reactivity of the blends, the thermo-mechanical properties of the blends were investigated to assess for whether there was any clear advantage in producing a BT resin with the phenolic oligomeric cyanate moiety. PT30 outperforms bisphenol A dicyanate in thermo-mechanical testing (in terms of modulus and Tg), it was hypothesised that the resulting blend between (3) and BMI, (4) might outperform the blend between (1) and (4). Consequently, a series of blends was prepared containing various quantities of CE and BMI. The thermally cured plaques were homogenous and void free in all cases although increasing the BMI content led to an increased brittleness in the cured material, although this tendency toward fracture was also observed with the BT blends containing (1) and (4) While it was difficult to determine the Tg of some of the more highly aromatic and highly crosslinked systems, was informative to determine the storage modulus of the cured polymers near room temperature and at elevated temperature, 300 C (Table 5 .9). Table 6 Storage moduli (DMTA) for cured homopolymers and blends.
Modelling the thermomechanical behaviour of the [(1)90-(4)10] blend
Previous research has concentrated on modeling CE homopolymers [33] and binary blends [34] and their physical properties, which, while complex, were conceptually comparatively simple as both components were co-reactive. In the present work, the simulation of a BT type resin requires that the CE matrix (in the majority) contains a small but discrete quantity of BMI. The preliminary data obtained [22] through investigation was comprehensive and enabled a representative model for a BT resin for the first time. The crucial piece of information that is key to the successful modelling of a BT resin is an understanding of the reaction mechanism and the polymeric network produced.
As the network produced between CE and BMI in the absence of catalyst is an interpenetrating 10 network a modelling technique could be established ensuring that monomeric units only reacted with their identical monomeric counterparts to yield homopolymers rather than co-reacting, thus creating an IPN. The models were produced in an identical methodology as had been done for the molecular modelling of the binary cyanates with one notable modification to the technique. The effect of the increased dynamics time discussed in the methodology is shown clearly (Fig. 11) , with the system becoming fully equilibrated after 1 ns. This increase in molecular dynamics duration was required to produce accurate calculations of Tg.
It is clear in Fig. 11a that the model is not fully equilibrated at the elevated temperature of the molecular dynamics simulation and it is the potential energy of the system that requires a longer time step. The fully equilibrated model is shown by Fig. 11b . This increase in dynamics duration required considerably more time and computing power to complete than the binary cyanate ester blends. However, the resultant data produced from these MD calculations are of high quality and demonstrate the possibility of modelling BT style resin systems. The data produced, shown in There is always a trade-off between simulation accuracy and time/computing power requirements by the user. In this case, this BT system required a significantly longer dynamics stage than the binary CE blends and would properly come into its own with access to greater computing power.
Examination of novel linked interpenetrating networks (LIPNs).
A second liquid chemical linker (glycidyl methacrylate, GMA, (5)) was also investigated to assess whether incorporation of a linking unit between CE and BMI groups would facilitate the production of blended systems that would undergo a co-reactions to form an LIPN. Previous studies in this area have concentrated on diallyl functional dicyanate monomers [35, 36] , propenyl functional dicyanate monomers [37] , and cyanate/propenyl modifiers [38] as a means to co-react the CE and BMI components. In each case, while the materials effected co-reaction and yielded polymer networks with attractive physical and mechanical properties, the preparative chemistry required at least several steps. In the present study, the choice of GMA was made on the basis of its dual chemical functionality and commercial 11 availability. It was anticipated that the methacrylic group would undergo reaction with the unsaturated BMI ring as this is well known [39] , whilst the epoxide group (oxirane ring) would follow a more complex mechanism via the formation of oxazolidinone and oxazoline rings [40] .
The quantity of GMA incorporated clearly would have an influence on a number of properties including Tg and moisture uptake. This is due to there being reduced cross-link density of the cured material if linear linking groups like GMA are introduced. This was examined in a previous study
[41] through the combination of CEs with different acrylate monomers, e.g. butyl acrylate.
Therefore, the amount of GMA requires optimisation to ensure that the thermal, mechanical and low moisture uptake properties of these materials are not jeopardised. Consequently, various quantities of GMA (2.5 wt %, 5 wt % and 10 wt %) were incorporated into the aforementioned 'standard' BT resin system (1)90-(4)10 (Table 7 ) Following a standard cure cycle (used previously in this work), it was immediately evident that with incorporation of GMA the plaques produced were homogenous. However, while the processing characteristics of the blend were good, they did not surpass the liquid processability of the tertiary blend (3:2)90:10-(4)10. Furthermore, even comparatively small amounts of GMA led to a significant reduction in thermo-oxidative stability Table 7 Effect of GMA on thermo-mechanical performance of selected blends and LIPNs (Td), but still more markedly in Tg, which fell some 20 K on the addition of GMA (10 wt %). While the materials were not tested specifically for fracture toughness, there was some evidence of toughening in the systems containing higher GMA content, although the penalty in thermomechanical properties was deemed too great to continue with these materials within this project (although we shall return to examine these further in the future).
CONCLUSIONS
The aim of this project was to explore the possibility of producing a viable alternative to the market-leading bismaleimide-triazine (BT) resin, by concentrating on producing similar (or superior) thermo-mechanical properties, but enhancing the processability of the material by reducing the reliance on high boiling, environmentally harmful organic solvents. While the inclusion of glycidyl methacrylate offers some limited benefit as a reactive modifier, and there is some anecdotal evidence that toughness may be enhanced, the penalty in thermo-oxidative and dimensional stability was felt to be too high to pursue in this context. On the other hand, when the solid CE monomer, 2,2-bis(4-cyanatophenyl)propane (1), was replaced with a liquid CE monomer, 1-1-bis(4-cyanatophenyl)ethane (2), significant improvements in processing were obtained with 12 good solvation of the otherwise crystalline and high melting BMI monomer, bis(4-maleimidophenyl)methane, (4), following stirring and sonication. At the same time, given the structural similarity between (1) and (2), the reactivity of the BT blend was not appreciably improved. However, when the liquid oligomeric phenolic cyanate (Primaset TM PT30) (3), was employed not only was blending much improved, but the blend became significantly more reactive.
Still more impressive was the combination of a binary blend of (2) and (3) (with the former in the minority), which achieved a balance of improved (liquid) processing, the highest thermo-oxidative stability of the samples tested and Tg approaching 400 C. In earlier studies, this binary blend of CE monomers reduced outgassing (usually caused by the production of carbamate species and subsequent decarboxylation at elevated temperatures greater than 200 C) over CE hompolymers.
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Fig. 10
Comparison of DMTA data for selected cured polycyanurate-BMI blends. Table 2 Conditions applied to aid co-solvation of (2) and (4 Tg = glass transition temperature (measured as peak maximum in loss modulus at 10 K/min under nitrogen).
Td = onset of thermo-oxidative degradation equating to 5 % weight loss (measured at 10 K/min in static air).
